Abstract Effect of temperatures and illumination of temperate winter on photosynthesis and respiration was studied in the psychrophilic microalgae, Koliella antarctica (Trebouxiophyceae). Outdoor and indoor algal cultures were compared. Photosynthetic as well as respiration rates increased as light and temperature increased, until 35°C, more in outdoor than in indoor cells, in agreement with the calculated Q 10 values. K. antarctica showed important strategy mechanisms of adaption to the several temperature and light conditions. These significant photo-acclimation and thermo-acclimation abilities make it possible to cultivate Koliella for different uses, under less expensive outdoor conditions. Therefore, K. antarctica shows important strategy mechanisms of adaption to various temperature and light conditions; moreover, by varying the culture conditions, it is possible to modulate and optimize the growth and accordingly the biomass production. This is a very interesting point since it has been proved that this microalga is a promising potential source of functional ingredients, such as polyunsaturated fatty acids and carotenoids, suitable for industrial purposes.
Introduction
In the past decades, given the critical role attributed to the microalgae in biotechnology, medicine, and pharmacology applications, both isolation of new species and cultivation of microalgae for applicative purposes have made remarkable progress.
Today the cultivation of temperate or tropical microalgae is widespread, while the utilisation of polar microalgae for the biotechnological purpose is rather rare, despite some studies prove that psychrophilic microalgae produce valuable metabolites (Kvìderovà et al. 2017) .
The Antarctic continent is a hostile environment covering an area of 14 million km 2 (Lyon and Mock 2014) . It is characterized by extreme temperatures (from ? 5 to -2°C in the summer, and from -10 to -2°C during the winter). The solar radiation are highly variable in the summer, from \ 10 (in the water column under the ice sheers) to 250 lmol photons m -2 s -1 (in the shallow water of the sea) and even less than 1 lmol photons m -2 s -1 in the winter (Arrigo et al. 1998 ; Thomas and Dieckmann 2002; Rivas et al. 2016) . Therefore, temperature and light represent the main stressors for Antarctic algae. Microalgae, the main primary producers in the polar regions (Kvìderovà et al. 2017) , develop several adaptive features such as biosynthesis of pigments, polyols, sugars and lipids (Cid-Agüero et al. 2012 ) to adapt to these severe conditions prevailing in the polar regions of the world. In fact, polynsaturated fatty acids perform a protective role against the adverse effect of high light intensity and UV radiation (Whitelam and Codd 1986; Rezanka et al. 2008 At low temperature, even dim irradiances can saturate photosynthesis causing the production of reactive oxygen species (ROS), key drivers of photooxidation (La Rocca et al. 2014) . Therefore, these psychrophilic organisms developed some mechanisms to cope with these harsh and stressful environmental conditions. Several of the microalgal adaptations may provide a useful basis for biotechnological applications. In fact, organisms such as Koliella, adapted to very cold places, show a series of well-usable features in the biotechnology sectors, for example (1) enzymes with high catalytic efficiency at low temperature relative to their mesophilic and thermophilic counterparts; (2) ability to tolerate the increase water viscosity; and (3) competence to maintain their membrane fluidity at low temperature (Varshney et al. 2015) . In general, according to Varshney et al. (2015) , psychrophiles microalgae can potentially be used for the production of detergents, fine chemicals and in food industry. Besides, in the past years, psychrophilic microalgae have been proposed as bioremediators during the winter season in temperate regions, in fact it has been demonstrated that they could be cultured in wastewater (Feller and Gerday 2003) . Koliella antarctica is a genus of psychrophilic unicellular green alga belonging to the class of Trebouxiophyceae, which exhibits uninucleate cell forming short, unbranched filaments shaped by 2-3 cells (Ferrara et al. 2012) . Koliella was isolated, for the first time, from an icefree water sample collected at a depth of 3 m in the Ross Sea (Antarctica) during the austral summer 1989 -1990 (Andreoli et al. 1998 .
According to Fogliano et al. (2010) , K. antarctica has a high content of polyunsaturated fatty acids (PUFA), mainly eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), and it is also rich in carotenoids such as lutein and astaxanthin. This microalga is a promising potential source of those functional ingredients primarily used for industrial purposes (Fogliano et al. 2010) .
Koliella can be grown in a laboratory at a temperature as low as 2°C (Andreoli et al. 2000; Ferrara et al. 2012) . Besides, the culture of K. antarctica can be maintained over 60 days in the dark showing a rapid recovery of growth after exposure to light (Ferroni et al. 2006) ; showing that K. antarctica possesses a relevant capacity to acclimate to extreme light conditions. Previous studies confirm that K. antarctica can adapt to different physical environmental parameters such as temperature (from -2 to 20°C) and light (from 8 to 60 lmol photons m -2 s -1 ) (Andreoli et al. 1998; Fogliano et al. 2010) .
In the present paper, we investigated and compared the photosynthetic and respiratory performances of outdoor cultures of K. antarctica grown during the temperate winter season in a temperate climate zone with indoor microalgae cultures.
Materials and methods

Strain and culture conditions
Koliella antarctica SAG 2030 (Chlorophyta, Trebouxiophyceae) was isolated from a seawater sample collected in the Terra Nova Bay, Ross Sea, Antarctica (Andreoli et al. 1998) . The alga was kept in a laboratory and constantly maintained in 200 mL of the basal nutrient medium at 10°C under continuous illumination (150 lmol photons m -2 s -1
). The basal medium contained: 0.3 g KH 2 PO 4 , 0.18 g K 2 HPO 4 , 0. 5 g KNO 3 , 0.1 g NaCl, 0.02 g CaCl 2 , 0.3 g MgSO 4 , 0.003 g FeSO 4 . It was dissolved in 1 L of deionised water and included trace elements (Cu, Mo, Mn, Zn and B) as described by Rigano et al. (1993) . The pH of the culture medium was 6.5.
Indoor cultures
The photobioreactor for indoor culture of K. antarctica consisted of a water-jacketed tube of 8 cm diameter and 4 L volume, which was connected to a Frigomix U plus Thermomix UB from BRAUN, adjusted at 10 or 15 ± 0.01°C as required. The tube was continuously illuminated (fluorescent lamps: Philips TLD 30 W/54, daylight, Naples, Italy), with the incident light being 150 lmol photons m -2 s -1 on each side at the external surface. Photon flux density was measured using a quantum meter model QMSS-SUN (Apogee Instruments Logan, UT). The cell suspension in the tube was vigorously bubbled with air enriched with 2% CO 2 , at the rate of 80-100 l h -1 .
Outdoor cultures
The photobioreactor for outdoor culture of K. antarctica consisted of a tube of 8 cm diameter, 8 L volume, vertically positioned, and located in the open air in Naples, Italy (google maps URL: https://goo.gl/maps/SoGqpWaTqEs). Inside the photobioreactor, both the temperature and the irradiance (lmol photons m -2 s -1 ) of the culture on an external surface of the photobioreactor, were measured in the morning (9.00 h), at noon (12.00 h) and in the afternoon (15.00 h). The cell suspension in the culture unit was vigorously bubbled with air enriched with 2% CO 2 , at the rate of about 80-100 l h -1 .
Specific growth rates
The growth was monitored by measuring the dry cells weights. Then the biomass concentration (g L -1 ) was calculated also by measuring optical density at 540 nm in order to produce a standard curve relating the dry weight (DW) of K. antarctica biomass (g L -1 ) to the optical density. This standard curve was subsequently used to calculate the biomass of individual samples based on their optical density. The calculated biomass was used to construct growth curves from which we obtained maximum specific growth rate (l max ) from the log phase of the growth curves by exponential regression. The productivity was calculated by the equation P = (X i -X 0 )/t i , where P = productivity (mg L -1 day -1 ), X 0 = initial biomass density (mg L -1 ), X i = biomass density at time i (mg L -1 ), and t i = time interval (h) between X 0 and X i (Colla et al. 2007 ). To calculate the dry weight, 25-50 mL of cell suspension were passed through a nylon membrane filter having a pore size of 0.45 lm (HNWP Millipore, Naples). The filter was accurately washed with distilled water, dried at 95°C in an oven until constant weight was reached and weighed.
Photosynthetic rates
The rate of photosynthesis of K. antarctica's outdoor-and indoor-cultured cells was measured as O 2 exchange in a small glass water-jacketed gas exchange chamber (5 cm high, 2.5 cm diameter), equipped with an oxygen electrode (Orion 97-08) and connected to an EA 920 ion analyser adjusted in O 2 mode. Data were registered at 0.5 min intervals. The duration of light treatment depended on the photosynthetic capacity of the microalgae. To measure the photosynthesis, cells were collected by centrifugation from culture during exponential growth, re-suspended to a final concentration of about 2-3 lg Chl mL -1 in a fresh basal medium supplemented with 10 mM NaHCO 3 , to prevent carbon limitation, and finally transferred to the oxygen electrode chamber at different light intensities supplied by a Braun slide projector. Light intensity was attenuated as required with neutral density glass filters (Schott Italglass, Genova). Photon flux density was measured using a quantum meter with a separate sensor model QMSS-SUN (Apogee Instruments Logan, UT) inside the reaction chamber containing cell suspension for photosynthesis measurement. The medium in the chamber was magnetically stirred. When needed, the cell suspension was bubbled with a stream of N 2 to reduce the concentration of dissolved O 2 . The evolution of photosynthetic oxygen and the consumption of respiratory oxygen were expressed on a total chlorophyll basis. The rate of gross photosynthesis was derived from the algebraic sum of the rate of the net photosynthetic O 2 evolution and the rate of respiration.
Photosynthesis vs. irradiance responses were measured at 15 and 25°C in the photon flux density range of 30-2000 lmol photons m -2 s -1 . P B -I responses at the two temperatures were quantified by measuring photosynthetic rates normalized to biomass (P B ) versus photon flux density (I), conventionally depicted by P B -I response curves, which are defined by the following function parameters: P B max , the maximum rate of photosynthesis normalized to the Chl concentration; a, the slope of the initial linear portion of the curve P B -I; and I k , the photon flux density approximating the onset of light-saturated photosynthesis. To calculate the photosynthetic parameters, P B -I curves were developed at each incubation temperature by nonlinear regression to the model of Webb et al. (1974) .
Curve fitting was performed with SigmaPlot (Version 12). P B max versus temperature responses were measured at a temperature range of 10-30°C at the saturating photon flux density. To measure respiration vs. temperature responses, the gas exchange chamber was covered with aluminium foil. The Q 10 value (the factor with which the rate increases by raising the temperature to 10°C) for photosynthesis rate and respiration rate was estimated from the slope of the respective Arrhenius plot.
Chlorophyll content
Cell samples (about 5 mL) were collected by centrifugation (40009g for 10 min), and the packed cells were treated with 5 mL of N, N-dimethylformamide. The samples were protected by light with a black cloth and refrigerated at 4°C for 24 h. The total chlorophyll content of the cells was estimated spectrophotometrically at 647 and 664 nm, according to Inskeep's and Bloom's (1985) method.
Statistical analysis
One-and two-way variance analyses (ANOVA) were performed using SigmaPlot 12.0. Where ANOVAs indicated significant differences, post hoc comparisons were performed using multiple comparison Tukey HSD tests. If necessary, data were log ? 1 (x) transformed before the analysis. The data shown are presented as at least three independent determinations.
Results and discussion
Koliella antarctica is a green microalga living in the extreme Antarctic environment. In the present study, we investigated the possibility to cultivate this psychrophilic microalga outdoor (Naples open air, Italy) during the winter season, despite the relevant differences existing between the mild climate conditions of this Mediterranean region compared to the natural habitat of this organism.
Koliella antarctica grown in the indoor culture systems exhibited after 300 h (about 12 days) of cultivation, a growth rate (l), measured in exponential phases, of 0.30 d -1 at 10°C, and 0.60 d -1 at 15°C. The exposure of the culture to a temperature of 20°C did not visibly affect it. The cells, indeed, were able to resume growth when exposed to lower temperatures (not shown). Volumetric productivity after 300 h was 1.02 g DW L -1 d -1 at 10°C and was 2.30 g DW L -1 d -1 a 15°C (Fig. 1a) .
The microalga was also grown under outdoor conditions in Naples during the winter season between February and March 2016. The Fig. 1b shows the -2 s -1 were recorded during sunny days, and values as low as 20 ± 2.5 lmol photons m -2 s -1 during cloudy days. The average temperature inside the photo-bioreactor was 11 ± 3°C at 9.00 h, increasing to an average value of 16 ± 2.3°C at 12 h and 20 ± 4.1°C at 15.00 h. Exceptionally, in the afternoon of a sunny day, when irradiance was 1800 ± 125 lmol photons m -2 s -1 , temperature values of 22.5 ± 4°C were measured inside the culture. Taking into consideration the previously stated climatic conditions, K. antarctica showed a growth of 0.3 d -1
(l max ), measured as an increase in dry weight (g L -1 ), and a volumetric productivity of 0.12 g DW L -1 d -1 . As observed by optical microscopy, the culture was free of undesired algae contaminating the K. antarctica culture during the whole growth period.
This microalga can be easily grown either in highly controlled indoor and outdoor cultures in a Mediterranean region during the winter season, exhibiting a biomass production of 0.18 g DW L -1 d -1 , comparable to the one obtained with other microalgae commonly cultured in outdoor photobioreactors. In fact, the productivity of 0.55 g DW L -1 d -1 was reported for Spirulina platensis and Anabaena siamensis (Richmond et al. 1993 (Sato et al. 2006) .
The possibility to perform Antarctic algae outdoor cultures in a Mediterranean zone appears relevant in this study since the photobioreactors could be used for the production of algal biomass or for wastewater treatment in the winter season, which is not suitable for the growth of mesophilic algae (Vona et al. 2004 ). This characteristic could further contribute to lower the cost of algal biomass production, by avoiding the additional technological procedure required to prevent the growth of contaminating mesophilic algae. Furthermore, the productivity of both indoor and outdoor cultures of K. antarctica can be certainly increased through the optimization of the photobioreactor technical characteristics.
K. antarctica cells indoor-cultured at 10°C and outdoor-cultured were exposed in a laboratory study to ). Data are presented as means of three independent determinations. Bars show ± SE 15 and 25°C, and their photosynthetic rates comparatively studied. Neither of the two experimental conditions (outand indoor cells) showed photo-inhibition phenomena in the exploited lighting range (Fig. 2) . The P B max for the outdoor grown cells were higher than those for indoor grown cells either at 15°C (F = 8.092, P = 0.047) or at 25°C (F = 16.521, P = 0.015) ( Table 1) .
The function parameter a, the slope of the initial lightlimited region of the photosynthesis-irradiance curve, was not significantly different at the two assay temperatures of 15 and 25°C in both indoor-(F = 0.274, P = 0.628) and outdoor-cultured cells (F = 0.0804, P = 0.791) (Table 1) ; however, in indoor cells, a values appeared higher than in outdoor cells. In contrast, I k , the photon flux density, approximating the onset of light-saturated photosynthesis, increased with increasing assay temperature from 15 to 25°C in outdoor grown cells (F = 75.502, P \ 0.001) but not in indoor grown cells (F = 0.805, P = 0.420). Besides, I k values were higher in outdoor grown cells than in indoor grown cells either at 15°C (F = 10.217, P = 0.033) or at 25°C (F = 12.906, P = 0.023) ( Table 1) .
Temperature responses of gross photosynthesis (net photosynthetic oxygen evolution plus respiratory oxygen consumption) of indoor-grown cells at 10°C, and of outdoor-grown cells of K. antarctica, were separately measured in the laboratory at five different temperatures of 10, 15, 20, 25 and 30°C, in the saturating photon flux density range of 1200-1800 lmol photons m -2 s -1 . As reported in Table 2 , the rate of gross photosynthesis at saturating photon flux (P B max ) density increased as incubation temperature increased in both outdoor-grown cells and indoorgrown cells (F = 52.159, P \ 0.001), although the increase was greater in the former cells than in the latter ones (F = 21.407, P \ 0.001). In fact, the photosynthesis rate of outdoor cells concerning indoor-grown cells was higher by 16% at 10°C, and by 43% at 30°C.
The Arrhenius plot constructed with photosynthesis rates measured at 10, 15, 20, 25 and 30°C showed linear patterns both in outdoor-(r 2 = 0.998) and in indoor-grown cells (r 2 = 0.96) (Fig. 4) , but exhibited different slopes, increasing with temperature faster in the former cells than in the latter ones. The apparent Q 10 value for photosynthesis rate was higher in the outdoor-cultured cells (2.29) than in the indoor-cultured cells (2.07) (Fig. 3) . A rise in the temperature to 35°C produced in both types of cells resulted in a decrease of 50% of the rate of photosynthesis regarding the maximum rate peaking at 30°C (not shown).
The reduced biomass productivity of K. antarctica is undoubtedly attributable to the fact that this microalga shares its maximum growth rate at a temperature close to 15°C, where the photosynthesis rate is 30% only of the maximum rate peaking at 30°C. The presence of heat sensitive cell structures impeding development of K. antarctica above 15°C, prevents this alga using its maximum photosynthetic primary productivity for growth and biomass formation. Furthermore, the photosynthesis of K. antarctica are heat stable up to 30°C (Vona et al. 2004) , which represents an adaptation strategy mechanism to increase the primary productivity of the cell, in response to any sudden increase in the environmental temperature level. Moreover, the photosynthetic activity of outdoorcultured cells of K. antarctica showed, at each temperature, a P B max values higher than that measured in indoor-cultured cells exposed to a constant irradiance of 150 lmol photons m -2 s -1
, which indicates that the former cells are acclimated in using more efficiently any increase in light intensity. This conclusion is also supported by the finding that I k value, the photon flux density approximating the onset of light-saturated photosynthesis, measured in outdoor-cultured cells was substantially higher than in indoorcultured cells. Similarly, cells of the cyanobacterium a b Fig. 2 . Vertical bars show ± SE (when larger than the symbol); n = 3. Data are means of different experiments Physiol Mol Biol Plants (November-December 2018) 24(6): [1139] [1140] [1141] [1142] [1143] [1144] [1145] [1146] Synechocystis aquatilis can assume different I k values according to the light intensities at which they are grown (Grobbelaar and Kurano 2003) . The observation that in outdoor-grown cells either photosynthesis rate increases with temperature faster, or the apparent Q 10 value for photosynthesis rate results higher than in the indoor-grown cells is notable. These results suggest that the outdoorgrown cells are acclimated to become more productive, even with increasing light, as noted above, and with increasing temperature. It is evident that these temperature and light acclimation phenomena might enable K. antarctica to improve primary productivity at any increase in temperature and light intensity during the day periods. In this connection, it is relevant that in this alga photoinhibition phenomena were not detected. Photoinhibition is a time-dependent process, which occurs on the same time scale as is needed to produce P/I (photosynthesis-irradiance) curves (Geider and Osborne 1992) . In K. antarctica, the P B -I response curves did not exhibit the reduction of rate photosynthesis at light intensity levels due to photoinhibition. According to Platt et al. 1980 , the b photoinhibition parameter is equal to zero. The fact that in K. antarctica, the PB-I response curves do not show photoinhibition at any temperature tested, supports the idea that photosynthetic apparatus of this alga is protected against photooxidative damage to PSII, as described in other algae and cyanobacteria (Coles and Jones 2000; Nishiyama et al. 2001; Thomas et al. 2001; Vonshak et al. 2001) . It also explains why cells cultured in the outdoor photobioreactor in the open air did not show ). Data represent mean ± SE, n = 3 Values of photosynthetic and respiratory rate reported are mean ± SE, n = 3 photoinhibition phenomena even when exposed to full sun irradiation. In addition, according to La Rocca et al. (2014) , K. antarctica can activate a strong NPQ (non-photochemical quenching) and dissipate a large fraction of absorbed energy as heat in a few seconds after the exposure to strong illumination. The respiratory oxygen consumption rate of K. antarctica cells cultured indoor at 10°C, or outdoor were separately studied at five different temperatures of 10, 15, 20, 25 and 30°C immediately after the obscuration of the oxygen reaction chamber with aluminium foil.
In outdoor-grown-cells, the respiration rate at 10°Cwas 23% lower than in indoor-grown cells, whereas at 30°C, it was 5% higher in outdoor-grown cells than in the indoor cells. As a result, cell respiration rates of outdoor cells increased faster with increasing incubation temperature from 10 to 30°C (F = 80.271, P \ 0.001) ( Table 2) . Accordingly, the Arrhenius plots constructed with respiration rates measured at 10, 15, 20, 25 and 30°C (Fig. 4) , showed linear patterns in both outdoor-grown cells (r 2 = 0.998) and indoor-grown cells (r 2 = 0.993) but exhibited different slopes. The apparent Q 10 value (2.79) calculated from the Arrhenius plot of outdoor-grown cells, was notably greater than the one calculated from the Arrhenius plot of indoor-grown cells (2.43). Consequently, the photosynthesis/respiration ratio (Fig. 5) , was higher in outdoor-grown cells than in indoor grown cells (F = 16.770, P \ 0.001) over the entire temperature range of 10-30°C (Fig. 5) but was 1.6-fold at 10°C and only 1.4-fold at 30°C, higher in outdoor-grown cells than in indoor grown cells. In both types of cells, an increase in the temperature to 35°C produced a decrease in the rate of respiration by 50% with respect to the maximum rate peaking at 30°C (not shown).
Unlike photosynthesis, which showed higher rates in outdoor-grown cells than in indoor-grown cells independently of temperature, the respiratory rates of outdoor cells resulted only 5% higher at 30°C, or even 23% lower at 10°C, compared to those of indoor-grown cells. Like the photosynthesis, however, the respiration was stable up to 30°C and decreased at 35°C, suggesting that in K. antarctica, an adaptation strategy mechanism for this process also exists, certainly to increase metabolic energy production of the cells in response to any increase in temperature. Besides, the apparent Q 10 value of respiration was higher in outdoor cultured cells than in indoor cultured cells suggesting that, as with photosynthesis, there are also thermo-acclimation phenomena for respiration. As suggested by Davison (1991) , thermo-acclimation of Q 10 of respiration might be controlled by changes in the degree of saturation of fatty acids in the mitochondrial membrane.
In conclusion, the present study suggests that the psychrophilic microalga K. antarctica has a large photo-and thermo-acclimation potential. Based on these results, it can grow under a large variety of temperature and light conditions. Therefore, it would be interesting to optimize the cultivation conditions to increase the production of biomass and of natural functional ingredients. 
